, which is one or two orders of magnitude lower than those of the other two mixtures. It can be seen that the mobility exhibits strong field-dependence in low electric field region. The mobility slightly increases as the electric field increases and almost saturates in high electric field region. It is shown that the trapping effect leads to the much lower hole mobility. The hole transport mechanisms in the three mixtures have been further studied through energy level analysis and atomic force microscopy.
Introduction
In recent times, highly efficient organic optoelectronic devices [1] [2] [3] [4] [5] [6] [7] [8] have been obtained by using an organic heterojunction structure, including organic light emitting diodes (OLEDs) and organic solar cell (OSCs). As is well known, charge carrier transport is a crucial parameter affecting the performance of these devices. Furthermore, the systematic investigation of the charge transport characteristics in organic semiconductors is very important for establishing the relationship between the transport characteristics and device performance, and improving the performance of the devices. Therefore, it is necessary and desirable to study the transport characteristics in organic semiconductors. In contrast to the rapid progress made in the device performance, the understanding of the charge transport characteristics of the organic heterojunctions is still not claried.
So far the charge carrier transport characteristics in organic semiconductors have been usually analyzed by several techniques, such as time of ight (TOF), 9,10 transient electroluminescence (TEL), 11, 12 space charge limited current (SCLC) [13] [14] [15] and admittance spectroscopy (AS). [16] [17] [18] [19] [20] [21] In these techniques, notably, AS has been shown to be a feasible and powerful tool to explore the charge carrier transport kinetics and relaxation processes and involved in optoelectronic devices. In addition, it is applicable to charge carrier transport characteristics of organic semiconductor lm whose thickness is approximately comparable to that of practical devices. It can also be applied without the need for a complex experimental setup.
The 1,4,5,8,9 and 11-hexaazatriphenylene-hexacarbonitrile (HAT-CN) material has been drawing a great deal of attention because it has a lot of interesting characteristics. [22] [23] [24] [25] [26] [27] [28] It has been adapted as the charge generation layer in some tandem OLEDs for higher power efficiency due to its very good electron affinity. It has also been used to modify metal surface electronic properties due to its unoccupied molecular orbital (LUMO) almost close to the Fermi level. However, there are rare reports about the study on HAT-CN organic mixtures by AS measurements. In this work, we systematically investigated the hole transport characteristics and mechanisms in the mixtures of HAT-CN : NPB, HAT-CN : TAPC and HAT-CN : CBP by current density-voltage characteristics, AS technique, energy level analysis and atomic force microscopy.
Experimental
The hole-only devices were fabricated on glass substrates precoated with a 180 nm-thick indium tin oxide (ITO) lm with a sheet resistance of $10 U per square. Before the fabrication process, the ITO surface was thoroughly cleaned in an ultrasonic bath using subsequently detergents and deionized water, dried at 120 C. The device structure was ITO/HAT-CN ( . During the deposition process, the rate was controlled with quartz crystal oscillators and monitored by a frequency counter and calibrated by a Dektak 6 M proler (Veeco).
The current density-voltage (J-V) characteristics were carried out using a Keithley 2400 sourcemeter integrated with a vacuum cryostat (Optistat DN-V, Oxford Instruments). The admittance was measured at room temperature by an Agilent E4980A precision LCR meter in the frequency range of 20 Hz-13 MHz with the oscillation amplitude of the ac voltage kept at 100 mV. The morphologies of the thin lms on ITO substrates were tested by atomic force microscopy (AFM) (SPA 400, Seiko Instruments Inc.).
Results and discussion

Current density-voltage characteristics
The J-V characteristics of the hole-only devices based on HAT-CN : NPB, HAT-CN : TAPC and HAT-CN : CBP mixtures are shown in Fig. 2 . At a constant current density, the driving voltages of HAT-CN : NPB and HAT-CN : TAPC mixtures are close and lower, demonstrating the similar hole transport ability. In our previous work, 29 the J-V characteristics of the two devices with different mixing concentration (y) have been discussed in detail. The results showed that their hole conductions (y < 90%) exhibit space-charge-limited current (SCLC) with free trap distributions. Conversely, it is shown a higher voltage for HAT-CN : CBP mixture. As shown in the inset, it clearly show two distinct regions: (1) ohmic region, the slope of log J-log V curve is about 1.1 at the lower voltage region. (2) SCLC with exponential trap distribution region, the slope of J-V curve in double logarithmic is about 5.5 at higher voltages. For organic semiconductor devices, the charge carrier mobility plays a crucial role in determining the J-V characteristics.
In order to clearly demonstrate the similarities and differences in the three hole-only devices, the hole mobilities have been determined by using frequency-dependent AS.
Mobility characteristics
AS is technique based on the measurement of the frequencydependent capacitance of an organic thin lm. For a twoterminal device consisting of an organic semiconductor with a dielectric constant 3 and a thickness d, holes are injected from the anode when it is applied a forward dc bias voltage (V dc ). In the case of application of a small ac signal (modulation), with an angular frequency u ¼ 2pf, the time-dependent injected charge current density j(t) can be given by: 
where q is the electron charge, r dc (x) is the dc charge density, m(t) is the time dependent mobility, E dc (x) and E ac (x) is the dc and ac electric eld components, respectively. According to eqn (1), there are three different contributions to j(t): (1) the response of r dc (x) in the device. Y
where A and 3 0 are the area of the sample and the permittivity of the free space, respectively. In the above equation, s dc is the charge carrier average transit time across the organic thin lm in the absence of the ac signal, which is directly related to the energy disorder of organic thin lm, and the normalized frequency is dened as U ¼ us dc . The frequency-dependent capacitance can be re-plotted as the negative differential susceptance ÀDB ¼ À2pf(C À C geo ), where the geometrical capacitance C geo ¼ 33 0 A/d. The curve typically yields a maximum of ÀDB at a characteristic frequency f r ¼ 0.56/s dc . The carrier mobility can be then extracted by,
where V bi is the built-in potential. Fig. 3 (a) shows C-f curves for the hole-only devices base on HAT-CN : NPB, HAT-CN : TAPC and HAT-CN : CBP mixtures at different applied bias voltages. In the low or intermediate frequency regions, clearly, the capacitances of the three devices decreased with frequency increasing. The reasons are as follows. When the ac-modulation is lower than the characteristic trapping-detrapping time constant, the trap states begin to respond and induce additional capacitive contribution. At further higher frequency, conversely, the trap states cannot follow the ac modulation, the capacitance drops to a plateau, leaving the geometrical capacitance (C geo ). Toward high frequency, the capacitance becomes little lower than the C geo , which is determined by the transit time. 31 In the frequency range higher than the f r , the capacitance comes close to the C geo because the period of the ac electric eld is too short to redistribute the space charges in the mixture devices. As shown in Fig. 3(b) , a clear maximum in ÀDB À f occurs at a well dened frequency f r for each device. On the base of eqn (3), the hole mobilities can be calculated, which are summarized in Fig. 4 Fig. 5 . It may be because the effect of the trap was not considered before. In fact, there exhibits the discrete or shallow trap states in HAT-CN : NPB and HAT-CN : TAPC mixtures according to their C-f characteristics. As we know, the trap states can greatly inuence the charge carrier mobility and even the device performance. In addition, the hole mobilities slightly decrease with the electric eld increasing, which is in agreement to our previous result. 29 The phenomenon of the slightly decreased mobility is considered as to be originated from the presence of certain energetic disorder. 32, 33 When the descent of the electrostatic potential is comparable and even transcends the energy barrier, for an along-eld jump, the dwell time of a carrier on a site approaches the reciprocal rate for that jump because the jump reverse the electric eld direction are gradually eliminated. As a result, the transport velocity will saturate with the electric eld. Correspondingly, the carrier s dc does not change with the increment of applied voltage. This implies a linear decrease of the carrier mobility because it is controlled by energetically downward jump only that is not accelerated. For HAT-CN : CBP device, however, the hole mobility is in the range of 10 À7 -10 À5 cm 2 V À1 s À1 . The mobility curve demonstrates two linear parts. (1) In low electric eld region, it can be seen that the mobility (8.
exhibits strong eld-dependence and sharply increases as the applied electric eld increases. (2) In high electric eld region, the mobility (7.4 Â 10
increases as the electric eld increases and almost saturates. This increase should be the trapping effect of trap states. When the electric eld increased, the trap depth can be decreased by Poole-Frenkel effect, leading to the increasing mobility. As shown in the inset in Fig. 1 , at high applied bias voltage, the J-V curve shows the conductance property of SCLC with exponential traps. This suggests that the hole transport in HAT-CN : CBP mixture is trap-controlled. It is clearly evident that the trapping effect leads to the much lower hole mobility.
Holes transport mechanisms of mixtures
3.3.1 Analysis of energy level. Fig. 6 shows the schematic energy diagram of the four pure semiconductor materials. Energy level values are taken from the literature. [34] [35] [36] [37] The highest occupied molecular orbital (HOMO) levels of NPB and TAPC are both 5.4 eV, which is only 0.3 eV higher than the lowest unoccupied molecular orbital (LUMO) levels of HAT-CN (5.7 eV). Such energy level distribution can allow the electrons of NPB HOMO or TAPC HOMO to be easily excited to the HAT-CN LUMO, which is sometimes called charge carrier generation. As a consequence, the hole transport abilities of the two mixtures are strong. While the HOMO level of CBP is 6.0 eV, which is 0.3 eV lower than the HAT-CN LUMO. Then the CBP molecule plays the role of traps in the hole transport process, which is also reected in the J-V characteristics of the HAT-CN : CBP device. The hole mobility of the device is very low due to the inuence of traps.
Analysis of AFM.
In order to further clarify the holes transport mechanisms in the mixed lms, we studied the surface morphologies of the lms before and aer mixing by AFM. The results are shown in Fig. 7 . The root mean square (RMS) of the pure lms of HAT-CN, NPB, TAPC and CBP is 4.576 nm, 2.161 nm, 2.482 nm and 1.520 nm, respectively. Clearly, in the four pure lms, the RMS of CBP is the smallest. Thus, the RMS of the mixture lm of HAT-CN : CBP is as high as 24.75 nm, which is unfavorable for the hole transport. It is further explained the reason of the lowest holes mobility in HAT-CN : CBP device. On the contrary, the RMS of HAT-CN : NPB and HAT-CN : TAPC is 3.025 nm and 3.350 nm, respectively, which is relatively small and close. It is suggested that they have high and similar hole mobilities.
Conclusions
In summary, we have studied the hole transport characteristics and mechanisms of the three small molecule mixtures of HAT-CN : NPB, HAT-CN : TAPC and HAT-CN : CBP. indicating the poor hole transport ability. Our results further demonstrate that AS is a simple and powerful tool for the characterization of charge carrier transport properties in organic semiconductor mixtures. We believe that our results will provide critical theoretical information for material selection, device structure design and performance analysis.
